ABSTRACT: Lady crabs Ovalipes ocellatus use a reversed gill current for respiration. Our evidence suggests that this adaptation allows small lady crabs to use deep burial in high energy sand habitats as a refuge from predation unavailable to other species of crabs. In laboratory experiments lady crabs buried deeper into sand than blue crabs Callinectes sapidus, and such burial was shown to protect lady crabs from predation by larger blue crabs. In field experiments lady crabs and blue crabs were tethered and placed in sand and macroalgae (Ulva lactuca)/mud habitats. In the sand habitat more of the small lady crabs s u~v e d than the small blue crabs. There was no difference in survival between large crabs of the 2 species. In a rnacroalgae/mud habitat there were no differences in survival between size classes of crabs or between the 2 species of crabs. These data help to explain the distribution of these crabs.
INTRODUCTION
Lady crabs Ovallpes ocellatus (Portunidae), one of the dominant decapods along the eastern coast of the United States (Epifanio 1988 , Dittel & Epifanio 1982 , range from Canada to Georgia (Williams 1984) . The common habitats of these crabs are sandy beaches (Pearse et al. 1942 , Leber 1982 . They are also found in the high salinity portions of estuaries and over the continental shelf to depths of 100 m (Stehlik et al. unpubl.) . Members of the genus Ovalipes are major predators of bivalves (0. stephensoni: Haefner 1985; 0. catharus: Davidson 1986 , Haddon et al. 1987 . On the other hand the genus is an important prey item for other crabs and many species of fish including summer flounder, black seabass, striped bass, and Atlantic croaker (Stehlik et al. unpubl.) . Despite the abundance of lady crabs and the important role they play in coastal ecosystems, there have been few ecological studies on this genus. In the following 3 experiments we investigated the burial depth and susceptibility of lady crabs to predation in the laboratory Present address. Center for Maritime Studies, University of Haifa, Haifa 31999, Israel Q Inter-Research/Pnnted in F. R. Germany and the field relative to the sympatric portunid Callinectes sapidus (blue crab).
METHODS AND MATERIALS
The crabs used in all 3 experiments were collected by trawllng and seining in Great Bay, New Jersey, USA. Blue crabs and lady crabs were held separately in tanks with ambient running seawater and fed fish daily. Prior to each experiment all crabs were examined to ensure that they had all their appendages and were intermolt.
Burial depth. Sand collected from a high energy sand bar in Great Bay was placed to a depth of 15 cm in a plastic tray (60 cm long, 40 cm wide, 25 cm deep) and submerged in a seawater table with flowing, ambient (14 to 25°C) seawater for 24 h. Individual crabs of both species were randomly selected, measured with calipers to determine carapace width (CW; 15 to 35 mm), and placed into the tray. If a crab buried before 5 min had elapsed, the time until burial was recorded and the depth of the crab in the substrate was determined at the anterior (minimum depth) and posterior (maximum depth) portion of the carapace using a stiff piece of wire calibrated in millimeters. The minimum and maximum depth to which each crab was buried was averaged for the statistical comparison of burial depth between the 2 crab species in the 2 substrates. If a crab did not bury within 5 min it was removed, and recorded as 'no burial'. This procedure was repeated using mud collected from a flat in Great Bay. A total of 16 lady crabs and 15 blue crabs were measured in sand and 14 of both species were measured in mud.
Laboratory predation. Thirty-two replicate tanks (0.6 m wide, 0.8 m long, 0.6 m deep) were supplied with flowing, ambient (24 to 27°C) seawater. In half of the tanks at least 12 cm of sieved sand collected from the same bar as for the previous experiment was introduced and allowed to stand for 24 h. The remaining 16 tanks had no substrate. Five juvenile lady crabs (12 to 35 mm CW) were placed into each of the tanks to acclimate. After 24 h, 2 blue crabs (41 to 70 mm CW) were placed into half (8) of the sand tanks and half (8) of the tanks with no substrate. The remaining 16 tanks served as predator-free controls. After a further 24 h the blue crabs were removed and the surviving lady crabs were counted and re-measured.
Field predation. Blue crabs and lady crabs are of dissimilar shape so wet weight was used as the basis for comparing crab size. The crabs were tethered using techniques similar to those used by Heck & Thoman (1981) and Wilson et al. (1987) . Briefly, l m monofilament line was either tied around the width of the lady crabs or tied in a figure-eight around the lateral spines of the blue crabs. The knot was then secured to the carapace with 'Super' glue (cyanoacrylate). The other end of the line was tied to a 'J'-shaped wire which was pushed completely into the substrate. The crabs were placed in subtidal areas at low tide and were recovered 24 h later ( + 2 h). After retrieval only tethers on which a piece of carapace still remained were scored as predation events. Crabs which had molted were rare, and easy to discern because their entire carapace remained on the tether. Preliminary observations showed that the crabs were able to bury, feed, and behave normally while tethered.
The tethered crabs were placed in 2 habitats both of which were representative of the general study area. The first was a sand bar in Great Bay where lady crabs of all sizes were abundant, but blue crabs (usually larger then 150 mm CW) were only occasionally observed. The second site was located in the mouth of a marsh creek where the mud substrate was covered by the macroalgae Ulva lactuca. Both species of crab were common in this habitat, but lady crabs occurred in smaller numbers than blue crabs.
A total of 172 lady crabs and 129 blue crabs were tethered in 8 trials during 5 to 22 October 1987. Water temperature and salinity were similar at the 2 sites, ranging from 14 to 19 "C and 28 to 32 %o. 
RESULTS
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Laboratory predation
Burial in sand protected lady crabs from being preyed upon by blue crabs. There was no significant difference in survival between the sand control and the no-substrate control, so these data were combined. A significantly greater percent of lady crabs survived in the predator-free controls (97 ' Yo) than in the sand treatment with blue crab predators (63%), and there was significantly greater survival in sand than in the nosubstrate treatment (35 % ) ( x 2 , p < 0.001). Blue crabs preyed preferentially on the smaller lady crabs. This preference was significant for the no-substrate treatment (Students t-test, p < 0.05), but was only a trend in the sand treatment (Fig. 2) .
Field predation
Lady crabs from 1 to 4 g (18 to 29 mm CW) were less vulnerable to predation on the sand bar than were blue crabs (23 to 36 mm CW) of the same weight ( X 2 , p < 0.001). While lady crabs survived at about the same rate independent of their size or of the 2 habitats, survival of the small blue crabs was significantly lower than of either larger blue crabs in the same habitat or any size of crabs in the macroalgae covered mud habitat (X', p < 0.001; Fig. 3 
DISCUSSION
The interaction between burial depth and substrate provides important insights into the distribution and abundance patterns for these 2 portunid crabs. In the laboratory, lady crabs buried deeper than blue crabs, agreeing with the assumption of previous investigators that Ovalipes spp. would be able to bury more deeply than other crabs because they have a reversed g d current (Pearse et al. 1942 , Caine 1974 , Taylor 1984 , Mickay & Osborne 1985 . It was also clear that lady crabs preferred the sand as they buried both deeper and more readily into it than into mud (Fig. lA, B) . In contrast blue crabs tended to bury more readily into mud than sand. These substrate-specific behavior patterns are consistent with the distribution patterns of these 2 species. Lady crabs are more abundant over sand substrate near the Great Bay inlet to the Atlantic Ocean and blue crabs more abundant over mud bottom, based on 14 mo trawl surveys during the period of this study (K. W. Able & S. T. Szedlmayer pers. obs.).
The orientation of the 2 species when buried is consistent with their respective methods of respiration. Lady crabs, which have a reversed gill current, always buried with the anterior portion of their body closer to the surface of the substrate thus keeping the intake of the respiratory current in close contact to the water. Blue crabs take in water from the posterior portion of their body, anterolateral to the 5th w a l l n g leg (Williams 1984) . By burying horizontally they also kept the water intake nearer the surface.
In the laboratory we showed that burial in sand protects lady crabs from predation even by a predator capable of digging. The blue crabs took smaller lady crabs preferentially to larger ones in the no-substrate treatment, while in sand this preference was not significant. In the field there were no significant differences in the amount of predation upon lady crabs with size. Perhaps, by being buried in sand, the disadvantage of being small was ameliorated.
The most dramatic result from the field predation experiment was the lower survival rate of small blue crabs compared to small lady crabs when tethered in the sand habitat (Fig. 3) . This result supports the theory that the lady crabs' adaptation to bury deeply in sand allows them to utilize this habitat by protecting them from predation. Depth of burial as a refuge from predation has also been demonstrated for bivalves (Haddon et al. 1987 ). However, there was no significant difference between survival of large blue crabs and that of large lady crabs.
It is important to consider how the artifact of tethering crabs might affect each species differently (Barshaw & Able 1990). For example, blue crabs in our first experiment were shown to bury less frequently in sand than did lady crabs. If blue crabs more effectively flee a predator than lady crabs, the tether would bias the results against survival of blue crabs and result in an underestimation of their survival. However, found no difference in predation rates of tethered crab species that tend to flee versus those that are less mobile and use crypsis as a primary defence.
There were no significant differences between survival of lady crabs and blue crabs of either size class in the macroalgae/mud habitat. Small blue crabs had a significantly higher survival in this habitat than in the sand. While lady crabs might specialize in sand they were shown in these experiments to survive equally well in the mud habitat. Both of these crab species were abundant in mud, supporting the result of equally high survival. Wilson et al. (unpubl.) and our observations indicate that both of these crab species usually do not bury in the mud in these habitats, but instead hide in the Ulva.
In summary, the reversal of the respiratory current of Ovalipes ocellatus allows them to find refuge in a substrate where small individuals of a sympatric portunid crab are susceptible to predation.
